Objective: The relatively low success rate of the treatment maneuver for horizontal semicircular canal (HSC) benign paroxysmal positional vertigo (BPPV) may be caused by the difficulty determining the affected side. We developed a 180-degree supine roll test (SRT) by modifying the 90-degree SRT to increase diagnostic accuracy and evaluated its significance. Study Design: A prospective study. Setting: Tertiary referral center. Patients: A total of 122 patients with HSC-BPPV performed both the 90-and 180-degree SRTs. Interventions: The affected side was determined by the 90-and 180-degree SRTs. The bow and lean (BL) test was also performed in cases with ambiguous or opposite results on both SRTs. Main Outcome Measure: A comparison of the difference in slow phase velocity (SPV) of nystagmus among the 90-and 180-degree SRTs and BL test.
Benign paroxysmal positional vertigo (BPPV) is a recurrent vertigo induced by positional change and shows characteristic nystagmus. Among patients presenting with BPPV, 5% to 45% involve the horizontal semicircular canal (HSC) (1Y10). HSC-BPPV can be diagnosed by the supine roll test (SRT), which is induced by a quick turn of the head approximately 90 degrees to each side while the patient is in a supine position with a 30-degree head elevation (11) . The affected side is determined by comparing the maximum slow phase velocity (SPV) of nystagmus and symptoms between each side.
The current theory about the pathophysiologic mechanism of HSC-BPPV states that when patients with the geotropic type of HSC-BPPV roll their head to the affected side, gravitational forces may cause the putative otoconial debris to move toward the ampulla and induce transient endolymph flow, which consequently provokes excitatory ampulopetal deflection of the cupula and geotropic horizontal nystagmus (12Y16). The SRT is based on Ewald's second law, which states that ampulopetal stimulation is stronger than ampulofugal stimulation in the HSC. Therefore, in the current challenging explanation about BPPV, patients with otoliths located in the nonampullary (or posterior) arm of a pathologic HSC may present with geotropic nystagmus on each side, and the affected side shows more intense nystagmus on the SRT. In contrast, patients with otoliths located in the ampullary (or anterior) arm may present with apogeotropic nystagmus, and the healthy side shows more intense nystagmus (4, 17, 18) .
Spontaneous resolution of HSC-BPPV is more common and faster than that of PSC-BPPV because of the natural motion of the head and gravity (2) . However, the treatment success rate of HSC-BPPV in clinic patients is lower than that of posterior semicircular canal (PSC)YBPPV (13) . One of the causes for the lower success rate of treatment is that it is sometimes difficult to determine the affected side. In some patients, the nystagmus intensity difference is insufficient to distinguish the stronger side in both directions, although nystagmus is clearly noted. Moreover, nystagmus can be demonstrated with variable intensities in succeeding SRTs.
Several methods have been introduced to help determine the affected side in patients with HSC-BPPV. In addition to SRT, Bisdorff and Debatisse (19) suggested that ''null points'' could identify the affected side in patients with the apogeotropic type of HSC-BPPV. Rahko and Kotti (20) also developed the walk-rotate-walk (WRW) test to identify the affected side. They reported that the stimulation angle on the WRW test is 180 degrees compared with 90 degrees on the positional test and that it allows more acceleration and stimulation of otoconia. However, the WRW test must be repeated 3 times, and the test room must have ample space.
The bow and lean (BL) test was introduced to determine the affected ear more easily in patients with HSC-BPPV without comparing the maximum SPV on each side (17) . During the BL test, the examiner checks the direction of nystagmus using an electronystagmography in the eye-open condition without visual fixation when the patient rotates their head in a downward pitch over 90 degrees (''nystagmus in the bowing position'') and then in an upward pitch more than 45 degrees (''nystagmus in the leaning position'') with the patient in a sitting position. The affected side is determined during the BL test by detecting the fast phase of nystagmus in the bowing and leaning positions. In the geotropic type, nystagmus in the bowing position occurs toward the affected side, and nystagmus in the leaning position occurs toward the opposite side. In contrast, nystagmus in the bowing position toward the unaffected side and nystagmus in the leaning position toward the affected side occur in the apogeotropic type.
We have attempted to identify efficient methods to increase the treatment success rate in patients with HSC-BPPV. We hypothesized that the SPV would be higher if the degree of head rotation becomes greater, which may increase the acceleration of endolymph flow during the SRT. In addition, the SPV difference in both directions may be prominent, as SPV becomes greater on both sides. If this supposition is correct, it would be helpful to determine the affected side when it is difficult to identify the nystagmus-dominant side during the SRT. Therefore, we developed a new method designated the ''180-degree supine roll test (180-degree SRT)''. The purpose of this study was to identify the significance of the 180-degree SRT compared with that of the 90-degree SRT and the BL test, which has already been suggested (17) .
METHODS
We enrolled 145 patients with HSC-BPPV who were diagnosed at the Dizziness Clinic of the Department of Otolaryngology, Ajou University Hospital, Suwon, Republic of Korea, between January 2007 and July 2009. This study was approved by the institutional review board of Ajou University School of Medicine (AJIRB-MED-MDB-10-346). A total of 145 patients who underwent SRTs because of HSC-BPPV were enrolled, but we conducted the study with 122 patients. Twenty-three patients who showed spontaneous nystagmus in a neutral sitting position, with the possibility of multiple canal BPPV or both subtypes of BPPV in the same canal or those with other related labyrinthine diseases were excluded.
We performed the 90-and 180-degree SRTs sequentially (Fig. 1) . The 90-degree SRT, which involves rotating the head 90 degrees in both directions in the supine position, was performed first, and then, we performed the 180-degree SRT, which involves rotating the head 180 degrees in both directions starting from the end position of the 90-degree SRT. We changed to the next position after the nystagmus disappeared in each step. Electronystagmography (Micromedical Technologies Inc., Chatham, IL, U.S.A.) and a computerized video eye movement recorder (SLMED, Seoul, Korea) were used to document nystagmus. Maximum SPV was automatically calculated with an average velocity measured for each 10-second interval containing the highest peak to evaluate nystagmus. We decided the affected side based on the SPV when the maximum SPV in greater nystagmus was greater than 3 degrees compared with the maximum SPV in less nystagmus. We presumed that there was no difference and that we could not identify the affected side when the maximum SPV difference was less than 3 degrees on the 90-and 180-degree SRTs. When we could not confirm the affected side in cases of opposite directions between the 90-and 180-degree SRTs or no site decision during both SRTs, we decided the affected side based on the BL test.
We treated patients using a 360-degree barbeque rotation as a canalith repositioning procedure (CRP) after identifying the affected side and verified the correct diagnosis of HSC-BPPV.
FIG. 1.
Diagnostic procedures for the 90-and 180-degree SRT. SRTs were performed sequentially using 2 methods. The 180-degree SRT (D, E, and F) was performed after the 90-degree SRT (A, B, and C). The magnified right lateral semicircular canal was described according to the head position and shows otolith locations, gravitation forces, endolymph flow, and cupula deflection. Geo indicates geotropic type; Apogeo, apogeotropic type.
We rotated the patient's head 360 degrees toward the nonaffected side after vibrating the mastoid area of the affected ear in patients with apogeotropic HSC-BPPV. In patients with negative results on the 90-and 180-degree SRT and BL tests, we treated the patients after identifying the affected side based on symptoms and the difference in nystagmus, although it was less than 3 degrees. Data were analyzed using the paired t test, McNemar's test, and 95% confidence intervals. SPSS software was used for all analyses (SPSS Inc., Chicago, IL, U.S.A.). The level of significance was p G 0.05.
RESULTS
The mean age of the patients was 52.4 T 13.5 years (range, 15Y77 yr). Among the 122 patients with HSC-BPPV, 67 cases were the geotropic type (54.9%), and 55 cases were the apogeotropic type (45.1%).
SPV of Nystagmus on the 90-and 180-Degree SRTs A significant difference in maximum SPV was observed between the 90-and 180-degree SRTs in patients with both HSC-BPPV subtypes (Table 1A) . The results showed greater SPV on the 180-degree SRT than that on the 90-degree SRT, consistent with our assumption.
SPV Difference in Nystagmus Between the Affected and Nonaffected Sides on the 90-and
180-Degree SRTs We also compared the difference in the maximum SPV of nystagmus between the affected and nonaffected sides during the 90-and 180-degree SRTs (Table 1B) . The maximum SPV difference between the affected and nonaffected sides was greater during the 90-degree SRT in patients with both the geotropic and apogeotropic types, which was contrary to our expectation. However, the SPV differences between the affected and nonaffected sides were not different between the 90-and 180-degree SRTs, regardless of BPPV subtype (geotropic or apogeotropic). The maximum SPV difference was 7.6 degrees for the geotropic type, 7.9 degrees for the apogeotropic type, and 7.7 degrees for all patients with BPPV on the 180-degree SRT that were more than 3 degrees.
Comparison of the Results Between the 90-and
180-Degree SRTs A comparison of the results between the 90-and 180-degree SRTs is summarized in Table 2 . Eight (11.9%) of 19 cases in the geotropic group (67 cases) that were negative on the 90-degree SRT showed positive results on the 180-degree SRT. In contrast, 16 (23.9%) of 48 cases that were positive on the 90-degree SRT were negative on the 180-degree SRT. Among 11 cases (16.4%) that were negative on both SRTs, the affected side was identified in 8 cases using the BL test. Seven (12.7%) of 24 cases in the apogeotropic group (55 cases) that were negative on the 90-degree SRT were positive on the 180-degree SRT. Eight (14.5%) of 31 cases that were positive on the 90-degree SRT were negative on the 180-degree SRT. Seventeen cases (30.9%) were negative on both the 90-and 180-degree SRTs, and the affected side was identified using the BL test in 4 cases. However, no significant difference was observed in the rate of positive results between the 90-and 180-degree SRTs (p 9 0.05).
Patients showing opposite directions between the 90-and 180-degree SRTs underwent the BL test (Table 3A) to determine the affected side. Eight geotropic type cases showed opposite directions. Among them, 4 of 5 cases that were positive on the BL test showed the same affected side on the 180-degree SRT. Two apogeotropic type cases were positive on the BL test, and one was consistent with the 180-degree SRT result. Overall, 7 of 10 cases (70%) showing opposite directions on the two different SRTs were positive on the BL test, and 7 cases among them revealed that the affected side on the BL test was consistent with the 180-degree SRT results.
In addition, the affected side could not be determined in 28 cases (11 geotropic type cases and 17 apogeotropic type cases) based on the 90-and 180-degree SRTs. Among them, 12 cases (42.9%) were positive on the BL test (Table 3B) .
Determining the Affected Side (Otolith Location)
Using the 90-and 180-Degree SRTs We determined the affected side by comparing the maximum SPV of nystagmus based on the 90-and 180-degree SRTs among the 122 patients (Table 4) . Fortyfive cases (36.9%) showed the same direction on both the 90-and 180-degree SRT. However, 10 cases (8.2%) showed the opposite direction on the 2 tests. Thirty-nine cases (32.0%) could be decided by only 1 method (90-degree SRT or 180-degree SRT) in cases in which one of the tests did not show determinant results. Among 39 cases, 24 were determined by the 90-degree SRT, and 15 were determined by the 180-degree SRT (Table 2) . Twentyeight cases (23%) could not be determined using both SRTs. If it was impossible to identify the affected side using either SRT or the directions were opposite between the 90-and 180-degree SRTs, we proceeded with the BL test to identify the affected side (38 cases, 31.1%).
The number of cases showing different results was not significantly different at the 95% confidence level. Figure 2 presents specific data of one case, which showed opposite results on the 90-and 180-degree SRTs. This case was initially diagnosed as left geotropic type HSC-BPPV, based on comparing nystagmus intensity on the 90-degree SRT. This case showed direction-changing geotropic nystagmus, and the maximum SPV difference was 5.9 degrees, which was significant on the 90-degree SRT. However, this patient showed the opposite affected side on the 180-degree SRT. Therefore, the BL test was performed, and nystagmus in the bowing position beating toward the right side and nystagmus in the leaning position beating toward the left side were noted. These observations indicated right-side geotropic type HSC-BPPV, and this result was not correlated with the 90-degree SRT result but was correlated with the 180-degree SRT result. We treated this patient with CRPs following the results of the 180-degree SRT and BL test. Therapeutic success was achieved after the barbeque maneuver in this case.
DISCUSSION
BPPV is commonly diagnosed vertigo and is believed to be caused by movement of detached otoconia in the SCC or otoconia adherent to the cupula in current view. Treatment for HSC-BPPV has a lower success rate than that of PSC-BPPV. Several reasons emerge for the relatively higher failure rate treating HSC-BPPV compared with other canal types. In some cases, HSC-BPPV occurs when the otolith tightly adheres to the cupula (cupulolithiasis) or the size of the otolith is too large to move into the utricle from the canal (18) . Incorrect CRP after misdiagnosing the affected side can also be a cause of treatment failure. Thus, efforts have been made to increase the accuracy of determining the affected side (lateralization) and the treatment success rate.
The SRT is considered as the most commonly used diagnostic method based on a difference in nystagmus intensity according to Ewald's second law (11) . However, it is difficult to identify differential nystagmus intensity in some cases. Therefore, we introduced the BL test in addition to the SRT to identify the affected side without comparing nystagmus intensity (17) . The BL test is useful in cases where nystagmus intensity is similar 95% CI indicates confidence interval at 95% confidence level; Same direction, same direction on the 90-and 180-degree SRT; Opposite direction, opposite direction on the 90-and 180-degree SRT; Only 1 method, side decision by only 1 method (90-or 180-degree SRT); None, side decision was not possible using 2 SRTs. or ambiguous on both sides during the SRT. The lateralized side is determined by detecting the direction of nystagmus in the bowing and leaning positions during the BL test. Lee et al. (21) reported that 77% of patients with HSC-BPPV show nystagmus during bowing and leaning position and commented that the BL test may become a leading method to improve therapeutic success rates and provide more corrective information on the affected side than SRT alone.
In the present study, we used the 180-degree SRT, which is new and a modification of the SRT. The idea is that a 180-degree head rotation creates more acceleration of otoconial movement than that of 90-degree head rotation. As we assumed, the maximum SPV of nystagmus increased during the 180-degree SRT compared with that during the 90-degree SRT in patients with both HSC-BPPV subtypes. However, the SPV itself and the degree of increase were less in the apogeotropic type than those in the geotropic type ( Table 1 ), suggesting that different mechanisms are mainly involved in producing nystagmus according to subtype. The amount of head rotation affects the acceleration magnitude of otolith movement by gravitational force and subsequently produces endolymphatic flow by hydrodynamic drag of particles (15) and cupula deflection in patients with the geotropic type. However, the gravitational force on otoconia attached to the cupula caused by a head positional change directly causes cupula deflection in patients with the apogeotropic type. Therefore, the magnitude of acceleration of otoconial movement in patients with the apogeotropic type is less than that of the geotropic type and the degree of head rotation may be less influential in the apogeotropic type as the results and biomechanical modeling (Fig. 3) showed. Figure 3 shows that gravitational force (G = weight of otolith Â 9.8 m/s 2 Â otolith height from the lower most part) and initial acceleration force (F = G Â cos5) were greater during the 180-degree SRT because of different otolith locations in the previous position in patients with the geotropic and apogeotropic types. As the initial acceleration force is greater during the 180-degree SRT, transcupular pressure of endolymphatic flow makes cupula deflection greater during the 180-degree SRT.
Moreover, the maximum SPV difference of nystagmus on each side was not significantly different between the 2 tests in patients with either subtype (Table 1B) , and the results were negative on the 180-degree SRT and positive on the 90-degree SRT in some cases, in contrast to our supposition ( Table 2 ). The possible cause for these findings is that the difference in SPV between each side cannot increase proportionally because SPV may not evenly increase during opposite rotations on the 180-degree SRT. Another possible cause is the order effect because our diagnostic procedure was performed sequentially with the 180-degree SRT following the 90-degree SRT. Although fatigability of nystagmus is less in patients with HSC-BPPV, this situation can be explained SRT indicates supine roll test; G, gravitational force; F, acceleration force on movement of otoliths (F = G Â cos5); R, radius of semicircular canal; r, otolith location (distance from the base of the cupula); 5, angle between G and F; 90-degree SRT shows the schematic model in the position shown in Figure 1B , and the 180-degree SRT shows the position shown in Figure 1E .
by fatigability on the succeeding diagnostic test or dispersal or falling of otoliths into the utricle during the test.
In addition to subtype, other factors such as the size and weight of the otoconia, anatomic variations, initial location of otoconia (the distance from the cupula in the geotropic type, the distance from the base within cupula in the apogeotropic type), density and viscosity of endolymph, particle to particle interactions, otolith to canal wall interactions, stenosis of the canal lumen, or multiple clots of otolith particles in the same canal may cause different endolymphatic currents and produce unpredictable nystagmus and different positive results on the 90-and 180-degree SRTs (15, 16, 18, 21, 22) . Hain et al. (15) reported a BPPV mathematical model. Many factors are involved when an otolith clot moves in the endolymph such as fluid pressure, viscous shear stress, canal-wall interactions, and gravitational force (9.8 m/s 2 ). Moreover, they mentioned that inertial effects are negligible because of the otolith to canal wall interaction. Physiologic as well as biomechanical effects can change the degree of nystagmus. Cases involving the 2 subtypes in the same canal may show variable nystagmus and can present with apogeotropic nystagmus, followed by geotropic nystagmus (23) or the reverse order (24) in the same position. If the otoliths move and become lodged in the canal lumen, a canalith jam condition could occur resulting in a fixed direction of positional nystagmus (25) . Another possibility is that nystagmus in response to a diagnostic test represents the combined total response from both BPPV subtypes (26) . This means that the total response of both subtypes is observed, and we do not really know the situation inside the labyrinth.
As the SCC is tiny and inaccessible, we cannot actually know the exact situation inside the canal unless we open the labyrinth. These various situations suggest that more studies about biomechanical and physiologic modeling of nystagmus are needed to understand BPPV pathophysiology. Moreover, an effort to conduct more corrective test will increase the possibility of an accurate diagnosis.
Although the 180-degree SRT showed fewer meaningful results (n = 65) than those of the 90-degree SRT (n = 71), the affected side was determined by the 180-degree SRT in 15 cases that could not be determined by the 90-degree SRT. We also experienced 10 confusing cases (8 cases of the geotropic type and 2 cases of the apogeotropic type) showing positive results on both SRTs, but the affected side was the opposite side. In these cases, the final decision regarding the affected side was based on the BL test result, according to our previous study (16) , which reported that the actual affected side in this discordant group could be determined by the BL test, not the SRT. The BL test showed more efficacy than the SRT alone in cases showing different localization or the inability to identify the affected side using the SRT and BL test. Moreover, the BL test results were consistent with those of the 180-degree SRT in 5 (71.4%) of 7 cases in the present study. These observations indicate that the 180-degree SRT can correctly identify the affected side when opposite results occur between the 90-and 180-degree SRTs. A possible correlation between the 180-degree SRT and the BL test could be observed, as both 2 tests induce otolith movement approximately 180 degrees, although the rotation axis of positional change is different (yaw versus pitch plane). The opposite result of the affected side between the 2 tests is still questionable; however, it is involved in many factors influencing nystagmus as described previously.
Finally, the affected side was not able to be determined in 19 (15.6%) of 122 cases after performing all procedures. Therefore, the success rate for determining the affected side using these 3 tests was 84.4% (91.0% for the geotropic type and 76.3% for the apogeotropic type) in the present study, which was greater than that in the SRT and BL test group (83.1% and 74.7%) or the SRT group (67.4% and 61.6%) in our previous study (16) .
In the present study, we additionally treated patients with the apogeotropic type of HSC-BPPV using mastoid vibration. However, mastoid vibration was recently reported to have no evidence of advantage (7, 27, 28) . Therefore, the mastoid vibration procedure may have been unnecessary based on inconsistent reports about outcomes.
In our clinical experience, diagnosis of the affected side using the 90-degree SRT is difficult in some cases of HSC-BPPV. However, some of these refractory cases may be caused by a misdiagnosis of the affected side. As shown in Figure 2 , there is a possibility of error when performing CRPs on the opposite side. Such cases would be considered refractory cases if the affected side was identified by only one method, namely the 90-degree SRT. In these kinds of HSC-BPPV cases, which show negative results on the 90-degree SRT or the refractory response to repeated SRTs, the 180-degree SRT may provide additional significant information to determine the affected side.
CONCLUSION
The 180-degree SRT is a useful additional method to diagnose the affected side in patients with HSC-BPPV when it is difficult to determine the affected side using the 90-degree SRT because of no definite SPV difference in nystagmus or symptoms. In addition, the possibility to identify the affected side seemed to be much higher using the 90-degree SRT, BL test, and 180-degree SRT rather than the 90-degree SRT and/or the BL test.
